A combined PCR assay was developed for the detection and typing of human polyomavirus (huPoV) in clinical samples, consisting of (i) a qualitative seminested PCR assay (snPCR) to discriminate between huPoV BK and JC and (ii) a high-throughput, quantitative TaqMan PCR assay (TM-PCR) for the general detection of huPoV. The TM-PCR detects huPoV DNA in a linear range from 10 7 to 10 1 copies per assay. In reproducibility runs, the inter-and intra-assay variabilities were <60 and <50%, respectively. The snPCR assay uses a set of four primers for the same region of the BK and JC viral genomes. In the first round of amplification, two general primers were used; in the second round, one of these general primers and two additional, BK-or JC-specific primers were used simultaneously to produce amplicons of different sizes specific for BK virus (246 bp) and JC virus (199 bp), respectively. We tested different urine dilutions in order to determine the inhibitory effects of urine on PCR amplification. Furthermore, we compared the use of native urine with DNA purified by different preparation procedures. Our results show, that a 1:10 dilution of the urine led to complete reduction of the amplification inhibition found with 6% of undiluted urine samples. In a clinical study including 600 urine specimens, our assay turned out to be fast, cheap, and reliable in both qualitative and quantitative aspects.
Diagnosis of human polyomavirus (huPoV) infection is important in transplant medicine. Reactivation of huPoV under immunosuppression is suggested to be associated with hemorrhagic cystitis (HC), a common complication after bone marrow transplantation (BMT) (1, 7, 8, 12, 19) . At present, the most commonly used treatment for HC is hydration and forced diuresis. Recently, however, successful attempts at antiviral therapy with, e.g., cidofovir have been reported (15) . To control the efficacy of medical treatment of HC, a sensitive, fast diagnostic assay is required, which allows the quantification of the polyomaviral load. Finally, for epidemiological studies, differentiation between BK virus (BKV) and JC virus (JCV) is essential.
The methods presently used for the detection of huPoV in urine are cell culture (12) , electron microscopy (2), and PCR (3, 10, 11) . While cell culture is time-consuming and therefore not clinically relevant, electron-microscopic diagnosis can be fast but is hampered by low sensitivity (4) . Presently established qualitative PCR assays for the detection and differentiation of huPoV DNA from urine or cerebrospinal fluid include various sample preparation steps followed by hybridization and/or digestion assays (3, 9, 10) . Two recently published quantitative PCR assays for BKV and JCV are based on competitive amplification (5, 15) ; each test, however, can detect only one of the two virus species. Thus, the presently available huPoV detection methods either require extensive handling, have low sensitivity, or are expensive.
A new technique for quantitative PCR detection employs the commercially available ABI Prism 7700 SDS, an instrument which performs DNA amplification and simultaneously determines the amount of amplified DNA (real-time PCR) (13) . Hence, we established a real-time PCR assay for the quantification of huPoV DNA, TaqMan PCR (TM-PCR), which profits from real-time quantification during the PCR log phase and the lack of post-PCR handling, thus providing high accuracy. Furthermore, the TM-PCR is fast, is specific, and displays a low detection limit.
The inhibitory effects of urine as a PCR template have been described for different diagnostic assays, as for the detection of cytomegalovirus or Chlamydia spp. (17, 20) . However, amplification inhibition by urine was analyzed only on a qualitative basis, not with regard to quantitative aspects. We tried different methods as described in the literature to overcome the inhibitory effects of urine, e.g., dilution, heating, and DNA preparation. Subsequently we quantified the extent of inhibition with the TM-PCR. We could demonstrate, on a quantitative basis, that dilution of native urine is sufficient to reduce amplification-inhibitory effects.
In order to develop a complete diagnostic system, we established a qualitative seminested PCR (snPCR) to distinguish BKV from JCV. Finally, this combined assay, consisting of quantitative TM-PCR and quantitative differentiation snPCR, was applied to 600 clinical urine specimens in order to test the practical usefulness of this new diagnostic tool.
MATERIALS AND METHODS
Sample collection. Midstream urine was obtained weekly from patients prior to and after allogeneic BMT and from control persons. Urine was transported at room temperature and stored at 4°C. In total, we assayed 600 samples from 103 BMT patients and 11 healthy individuals.
Urine manipulation. Urine was used either undiluted (native) or diluted 1:10 or 1:100 with sterile double-distilled water. For DNA preparation we used a Qiagen DNA kit or digestion with 25 l of a Tris-EDTA-buffered proteinase K solution (20 mg/ml) for 60 min at 56°C followed by enzyme denaturation at 95°C for 10 min and subsequent centrifugation at 20,000 ϫ g.
The ability of prolonged heat denaturation to reduce the inhibitory effects of urine was determined: prior to the PCR, the urine was heated to 95°C for 1, 5, 10, 30, and 60 min. For virus enrichment by sedimentation, ultracentrifugation was performed with 5 ml of urine for 60 min at 100,000 ϫ g in a Beckman centrifuge. The supernatant was discarded, and the pellet was resuspended in 50 l of sterile double-distilled water.
Purification of huPoV. Virus was purified from urine by cesium chloride gradient centrifugation as described elsewhere (14) . The gradient was fractionated, and the CsCl densities of the fractions were determined refractometrically; in addition, negative-staining electron microscopy was used to estimate the relative virus concentrations of the respective fractions. Finally, the virus suspension was dialyzed to remove the PCR-inhibiting salt.
Seminested polyomavirus PCR. Primers for snPCR were located in the VP1 regions of the BKV and JCV genomes. Primer sequences are given in Table 1 ; a schematic representation of the locations and orientations of all oligonucleotides and corresponding amplicon sizes is given in Fig. 1 . In a first amplification round, primers PV-SNFOR and PV-BACK were used, followed by a second amplification round using the general primer PV-BACK in combination with two variant specific primers for BKV and JCV. Each 30 l of PCR mixture contained 5 l of template, 333 nM concentrations of each primer, 50 M each deoxynucleoside triphosphate (dNTP) (Gibco), 3 l of 10ϫ amplification buffer, and 1 U of Platinum Taq DNA polymerase (Gibco). After an initial denaturation for 3 min, the sample was subjected to 30 cycles of 94°C for 20 s and 53°C for 20 s, with a final extension for 5 min at 72°C, for the first amplification round. A 1-l volume of the resulting PCR product was used as the template in a second amplification round under the same conditions, except that the annealing temperature was raised to 58°C.
Quantitative polyomavirus TM-PCR assay. The TM-PCR primers and exonuclease probe are located in the VP1 regions of the huPoV BK and huPoV JC genomes and were selected to hybridize to BKV DNA as well as to JCV DNA. For oligonucleotide data, see Table 1 and Fig. 1 . Each 50 l of PCR mixture contained 5 l of template, 500 nM concentrations of each primer (PV-TMFOR and PV-BACK), 100 nM exonuclease probe (PV-PROBE), 100 M each dNTP (Gibco), 5 l of 10ϫ amplification buffer, 1 M ROX, and 2 U of Platinum Taq DNA polymerase (Gibco). After an initial denaturation for 3 min, the sample was subjected to 45 cycles of 94°C for 30 s and 62°C for 30 s. Fluorescence intensity was read automatically during PCR cycling in an ABI Prism 7700 SDS. The total TM-PCR assay time is approximately 110 min.
Quantitative actin TM-PCR. A primer set and exonuclease probe located in the human actin gene were used to quantify human genomic actin DNA (Table  1) . Each 50 l of PCR mixture contained 5 l of template, 200 nM concentrations of each primer, 100 nM exonuclease probe, 200 M each dNTP (Gibco), 5 l of 10ϫ amplification buffer, 1 M 6-carboxy-x-rhodamine (ROX), and 2 U of Platinum Taq DNA polymerase (Gibco). After an initial denaturation for 3 min, the sample was subjected to 45 cycles of 94°C for 25 s and 65°C for 50 s. Fluorescence intensity was read automatically during PCR cycling in an ABI Prism 7700 SDS.
Plasmid preparation. As a positive control for the snPCR, two plasmids were cloned, containing the amplicons of the first amplification round of the snPCR for BKV and JCV, respectively. The TOPO-TA Cloning Kit (Invitrogen) was FIG. 1. Schematic representation indicating spacing, positions, and orientations of primers and the exonuclease probe. Whereas the TM-PCR utilizes the same primer set and exonuclease probe for quantification of both huPoVs, the snPCR is based on different primers for BKV and JCV in the second amplification round (three-primer PCR). 
RESULTS

snPCR.
To provide an easy-to-perform PCR assay for the typing of BKV and JCV DNA, the snPCR assay was constructed. Using one general primer together with two variant specific primers in the second round of amplification, we obtained amplicon sizes of 246 bp for BKV and 199 bp for JCV DNA. The bands can easily be distinguished on a 2.5% agarose gel. Typical results of the snPCR are shown in Fig. 2 .
Quantitative huPoV TM-PCR assay. For the quantitative assay, a set of general primers and an exonuclease probe were used to detect BKV DNA as well as JCV DNA. Since the amplicon sizes for BKV and JCV are 226 and 223 bp, respectively, and the two amplicons display similar base compositions, it is to be expected that BKV and JCV DNA are amplified with the same efficiency.
Initially, we examined the ability of the TM-PCR assay to detect huPoV DNA in urine. Serial 10-fold dilutions of plasmid pPJC were prepared in water, in six different huPoV DNA-negative native urine specimens, and in the same six urine specimens diluted 1:10 in water. Figure 3 shows amplification plots of plasmid pPJC in urine diluted 1:10. A range of 10 7 to 10 1 plasmids per assay could be detected; as expected, the no-template control (NTC) produced no detectable fluorescence signal. We observed comparable amplification plots for plasmid dilutions in water and for plasmid dilutions in five of the six native urine specimens. However, for one individual native urine specimen we obtained atypical amplification plots, and for low plasmid copy numbers the amplification even failed (data not shown).
Looking at the corresponding calibration curves (Fig. 4) , we observed the best linear correlation between log dilutions of plasmid and threshold cycle number (C T ) for the plasmid dilution in water (r 2 ϭ 0.98). Although the calibration curves for the plasmid dilution in native urine and in urine diluted 1:10 possess similar characteristics, it is apparent that the use of native urine may lead to significantly increased scattering. Consequently, the use of native urine results in the lowest correlation between log dilutions of plasmid and C T (r 2 ϭ 0.92). The plasmid dilution in 1:10-diluted urine results in an acceptable linear correlation (r 2 ϭ 0.95). Urine dilution experiments. The amount of huPoV DNA in each urine dilution series was measured in triplicate. Results for five representative urine specimens are shown in Fig. 5 . In most urine samples, dilution led to a corresponding 1-log-unit decrease in the level of viral DNA detected (Fig. 5) , urine specimens 6, 262, 300, and 511). However, we observed a clear inhibitory effect in sample 240, for which the amounts of DNA detected were almost identical in undiluted urine and 1:10-diluted urine. As a further dilution of 1:100 led to the expected 1-log-unit decrease in the level of DNA detected in all specimens, diluting 1:100 seems not to be necessary. Overall, dilution was not necessary in 15 of the 16 (94%) urine specimens investigated. In 1 out of 16 (6%) urine specimens, 1:10 dilution of the native urine was required to dilute the amplification inhibitors. None of the 16 urine specimens investigated required a dilution higher than 1:10. These results indicate that in the majority of cases our quantitative TM-PCR would work with undiluted urine specimens. Nonetheless, 1:10 dilution guarantees sufficient dilution of amplification inhibitors; therefore, urine specimens were subsequently diluted by 1:10.
DNA preparation methods. First, we compared DNA preparation by proteinase K digestion with the Qiagen DNA preparation kit for eight urine specimens. Although all specimens prepared with the commercial kit (8 of 8 [100%]) were positive for huPoV DNA, only in 3 of 8 (37.5%) specimens prepared by proteinase K digestion could huPoV DNA be detected. Moreover, with the proteinase K digestion, the amount of DNA detected was as much as 100,000-fold lower than the amount of kit-prepared DNA detected (data not shown).
To find out whether Qiagen DNA preparation is superior to the use of diluted urine, we prepared DNA from 20 undiluted urine specimens and their 1:10 dilutions. Subsequently we compared the results with the amounts of DNA in the same urine specimens diluted 1:10, without any preceding DNA preparation step. Typical results are shown in Fig. 6A . For 12 of 20 (60%) urine specimens, DNA preparation from 1:10-diluted urine led to an increase in detectable huPoV DNA levels by a factor of 10, compared to those in the 1:10-diluted nonprepared urine. DNA preparation from undiluted urine could raise the detectable DNA amount by a factor of 100 (urine specimens 406, 457, and 511). However, these results could not be reproduced with every individual urine specimen. For specimen 14, DNA preparation could not improve DNA detectability. Further, for urine specimen 55, DNA preparation was necessary even to detect huPoV DNA, but there was significantly less DNA detectable when native urine was used for DNA preparation. For urine specimen 194, we found no difference in DNA detection between Qiagen preparations from 1:10-diluted and native urine.
To determine the loss of viral DNA during DNA preparation, we diluted a purified huPoV suspension 1:10, 1:100, and 1:1,000. Thereafter, each dilution was divided into two aliquots; one aliquot was directly used for PCR, and the other was subjected to DNA preparation prior to PCR. In all three dilutions, we determined a loss of as much as 75% of DNA during preparation (data not shown).
Prolonged heat denaturation. In order to inactivate amplification inhibitors in urine and improve virus disintegration, the initial heat denaturation step was prolonged. We chose five urine specimens (diluted 1:10) containing approximately 10 2 to 10 7 virus genome equivalents (ge)/assay. Figure 6B shows the correlation between additional heating time and quantified huPoV DNA. For low virus copy numbers, a significant increase in DNA detected could be observed by heating for as long as 5 min (urine specimens 410 [P ϭ 0.021] and 566 [P ϭ 0.004]). This step is usually performed as the initial denaturation step in PCR. However, heating longer than 10 min led rather to a decrease in detectable huPoV DNA levels in all samples.
Urine sedimentation. To determine the enrichment factor that could be achieved by ultracentrifugation, 20 1:10-diluted urine specimens were sedimented. The resuspended pellet was either used undiluted or was diluted 1:10, 1:100, or 1:1,000 with double-distilled sterile water. The results of the DNA quantification are presented in Fig. 6C . For individual urine specimens, we obtained enrichment of huPoV DNA by a factor of 10 to 100 (urine specimens 174, 300, and 511), in agreement with the expected enrichment factor of approximately 100. For individual urine specimens, we observed decreases in amounts of detectable huPoV DNA after ultracentrifugation, which can be explained by concurrent enrichment of amplification inhibitors together with the virus (urine specimens 6 and 518). For example, the ultracentrifugation pellet of urine specimen 518 had to be diluted 1:10 in order to give the same result as the 1:10-diluted native urine.
Inhibition of actin amplification. Finally, to determine the influence of the inhibitory factors present in native urine on a further quantitative PCR assay, we added 1 ng of human genomic DNA to undiluted urine specimens or to water as a control. In Fig. 7 the amplification plots of seven selected urine specimens spiked with human DNA are shown together with that of the control. Only in urine specimen 381 was the amplification of the human actin sequence significantly inhibited, as represented by a higher C T value; additionally, urine specimen 389 shows weak inhibition of amplification of the actin gene. All other urine specimens did not impair the actin PCR efficiency.
Assay variability. To determine the intra-assay precision of the huPoV TM-PCR assay, three 1:10-diluted urine specimens were simultaneously assayed four times. To determine the interassay precision, identical urine samples were assayed on 6 consecutive days in duplicate. The resulting standard deviations (SD) are given in Table 2 . Using 10 3 copies of plasmid pPJC diluted in water, we determined the intra-and interassay variabilities to be Ͻ15 and Ͻ20%, respectively (data not shown).
Clinical application. With the aim of demonstrating the clinical applicability of the huPoV TM-PCR assay, we studied consecutive urine samples of 103 patients after BMT. Four typical time courses are shown in Fig. 8 . We were able to illustrate the progress of polyomaviral load in the urine of BMT patients during the posttransplantation period. 
DISCUSSION
Most of the methods presently used for differentiation of huPoV utilize either species-specific hybridization, exonuclease digestion of the PCR product, or single PCRs for each species (3, 6, 9, 10) . Using our qualitative snPCR assay, BKV and JCV DNA are amplified in one tube and can easily be distinguished by amplicon size only. This assay plainly simplifies the differential diagnosis of huPoV infection. The quantitative TM-PCR is the first real-time quantification assay published for huPoV DNA. It is fast, reproducible, and sensitive, allowing the quantification of huPoV DNA in a linear range between 10 7 and 10 1 ge per assay. Neither post-PCR handling nor competitive amplification of reference genes is required, which makes its handling clearly easier than the methods presently used. Moreover, since it is a real-time PCR detection method and quantifies during the log phase of the PCR, it allows an extremely accurate quantification compared to conventional PCR methods, which determine the amount of PCR product in the plateau phase of the PCR.
The TM-PCR assay was utilized to examine and compare different methods presently used for inactivation or elimination of the amplification inhibitors often found in urine. We could clearly demonstrate that the use of untreated 1:10-di- No inhibitory effects are found in 94% of native urine specimens, which is in accordance with previously reported data (20) . Moreover, omitting time-and money-consuming urine handling allows for cheap and fast diagnosis. The detection of huPoV DNA in urine generally could not be improved either by heating or by proteinase K digestion. The still commonly used proteinase K digestion (3, 9, 18) resulted in a reduced amount of amplifiable DNA. However, the amount of amplifiable huPoV DNA could be increased by using a commercial kit for DNA preparation from native as well as from 1:10-diluted urine. But, interestingly, the yield of kit-prepared DNA was sometimes dramatically reduced, probably by inhibition of the preparation. Therefore we determined the general loss of DNA during DNA preparation from density gradient-purified virus particles to be 75%. This can be caused by the fact that the total amount of DNA in urine is too small to fit the optimal conditions for the commercial kit. Although for most urine samples the use of ultracentrifugation enrichment led to the expected virus enrichment by a factor of 10 to 100, in some specimens obviously a concurrent accumulation of amplification inhibitors occurred.
Summing up, since the inhibitory effects on amplification and DNA preparation described above are hardly predictable, we recommend the use of 1:10-diluted urine as the ideal compromise of effort on the one hand and reliability of results on the other hand. The assay presented here, as it stands, has proven useful for monitoring of BMT patients in general and especially for monitoring of antiviral treatment with cidofovir, as recently described (16) . Moreover, it seems to be useful for shedding light on the connection between polyomavirus reactivation and HC following BMT, which has been the subject of controversy.
